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ABSTRACT 

A ser ies  o f  s t a t i c  load-se t t lement  tes ts  was performed on two 

c i r c u l a r  p l a t e s ,  two sphe res ,  and a cone on t h e  s u r f a c e  of a s i l t y  c l a y  i n  

t h e  f i e l d .  Based on t h e  exper imenta l  f i n d i n g s ,  empi r i ca l  r e l a t i o n s  were 

es t a b 1  i shed  expres s ing  t h e  load- s e t  t lement and b e a r i n g  capac i ty -  s e t t l e m e n t  

behavior  f o r  t h e  v a r i o u s  foundat ion  elements.  These r e l a t i o n s  may be  used t o  

p r e d i c t  behavior  f o r  e lements  of  d i f f e r e n t  s i z e s  under s imi l a r  cond i t ions .  

For  c i r c u l a r  p l a t e s  a comparison i s  made of  t h e o r e t i c a l  and experi-  

menta l  v a l u e s  o f  u l t i m a t e  bea r ing  capac i ty ,  immediate s e t t l e m e n t s ,  and modulus 

o f  subgrade r e a c t i o n .  

A method i s  sugges ted  f o r  p r e d i c t i n g  t h e  u l t i m a t e  bea r ing  c a p a c i t y  

o f  a s u r f a c e  sphe re  i n  c l a y .  
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S I  
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Q I  

S 

Si 

A = a r e a  

A, = s u r f a c e  a r e a  of  sphe re  

B = width ,  o r  d iameter ,  o f  foo t ing  

C = cohesion 

D = depth  t o  foundat ion  l e v e l  

E = modulus of  deformation 

L = l eng th  of  f o o t i n g  

N, ,  N,, Ny = bea r ing  capac i ty  f a c t o r s  f o r  gene ra l  shea r  f a i l u r e  

N;, N:, N; 

P = load  

Pi = load a t  t h e  end of  t h e  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  

= bea r ing  capac i ty  f a c t o r s  f o r  l o c a l  shea r  f a i l u r e  

of  t he  load - se t t l emen t  curve 

PO = u l t i m a t e  load  

p* = load  a t  end of s e a t i n g  p o r t i o n  of t h e  load - se t t l emen t  curve 

4 = p r e s s u r e ,  s tress,  o r  bear ing  c a p a c i t y  

q1 = bea r ing  capac i ty  a t  t h e  end of  t h e  i n i t i a l  s t r a i g h t  

l i n e  p o r t i o n  of t h e  bear ing-capac i ty  s e t t l e m e n t  curve 

= u l t i m a t e  bea r ing  capac i ty  

= bea r ing  c a p a c i t y  based on s u r f a c e  a r e a  o f  s p h e r e  

= s e t t l e m e n t  

= s e t t l e m e n t  a t  t h e  end of t h e  i n i t i a l  s t r a i g h t  l i n e  

p o r t i o n  o f  t h e  b e a r i n g c a p a c i t y  s e t t l e m e n t  curve  

= s e t t l e m e n t  a t  which u l t i m a t e  b e a r i n g  c a p a c i t y  occur s  

= s e t t l e m e n t  a t  end o f  s e a t i n g  p o r t i o n  of t h e  load - se t t l emen t  

curve 

= s e t t l e m e n t  a t  50% of  u l t i m a t e  bea r ing  c a p a c i t y  
0 50 

v i i i  



% 50 

k 

= s e t t l e m e n t  

= u n i t  weight  of s o i l  

= s t r a i n  

= s t r a i n  a t  50% o f  maximum s t ress  

= modulus o f  subgrade r e a c t i o n ,  s l o p e  of  p re s su re - se t t l emen t  

curve  

= modulus of subgrade r e a c t i o n  f o r  a 1 . 0  x 1 .0  f t  

s u r f a c e  f o o t i n g  

= modulus of subgrade r e a c t i o n  f o r  a squa re  s u r f a c e  

f o o t i n g  of  width B f t  

= s l o p e  o f  t h e  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  

load - se t t l emen t  curve  

= s l o p e  of f i n a l  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  load - se t t l emen t  

curve  

= P o i s s o n ' s  r a t i o  

= normal s t ress  

= d e v i a t o r  s t ress  

= confinement p r e s s u r e  i n  t r i a x i a l  t e s t  

= s h e a r  stress 

= a n g l e  of  i n t e r n a l  f r i c t i o n  

ix 



. 

CHAPTER I 

INTRODUCTION 

1.1 General  

A l a b o r a t o r y  i n v e s t i g a t i o n  o f  s t a t i c  load  v e r s u s  s e t t l e m e n t  was 

made by I l i y a l  f o r  smal l  p l a t e s ,  spheres ,  and cones r e s t i n g  on sand. 

l a r  models were used by Poor 

t o  sandy c l a y .  

Simi- 

2 
i n  v e r t i c a l  impact on a f i e l d  d e p o s i t  of  s i l t y  

2 It  was o f  i n t e r e s t  t o  extend the  work of I l i y a l  and Poor by con- 

d u c t i n g  s t a t i c  load-se t t lement  tes ts  on p l a t e s ,  s p h e r e s ,  and cones a t  t h e  

same f i e l d  s i t e  used by Poor. 

, 
1 . 2  Purpose and Scope 

T h i s  i n v e s t i g a t i o n  i s  p a r t  o f  a s t u d y  on t h e  behavior  o f  manned 

s p a c e c r a f t  when impact ing on s o i l s .  

model foundat ion  elements  of  shapes s i m i l a r  t o  impact ing s u r f a c e s  o f  manned 

s p a c e c r a f t .  

The i n v e s t i g a t i o n  i s  concerned wi th  

Load-set t lement  behaviors  o f  foundat ion elements on s o i l s  a r e  com- 

p l e x  and f o r  t h i s  reason  l i t t l e  confidence can b e  g iven  t o  t h e o r e t i c a l  

i n v e s t i g a t i o n s  of  t h e  problem u n l e s s  supported by exper imenta l  d a t a .  

s i z e  f i e l d  tests are  p r e f e r r e d  but  time and c o s t  s t u d i e s  p o i n t  t o  t h e  d e s i r -  

a b i l i t y  o f  model s t u d i e s  i f  s c a l i n g  laws can b e  developed. 

F u l l -  

It i s  d e s i r a b l e  t o  r e l a t e  dynamic t o  s t a t i c  c h a r a c t e r i s t i c s  o f  

The reasons  f o r  t h i s  i n c l u d e  t h e  r e l a t i v e l y  l a r g e  amount of d a t a  s o i l s .  

a v a i l a b l e  on s t a t i c  p r o p e r t i e s  of s o i l s  and t h e  ease w i t h  which s t a t i c  

p r o p e r t i e s  of  s o i l s  can b e  o b t a i n e d  as compared wi th  p r e s e n t  known techniques  

f o r  o b t a i n i n g  dynamic p r o p e r t i e s .  

1 
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The purpose o f  t h i s  i n v e s t i g a t i o n  was t o  measure t h e  load-se t t lement  

behavior  o f  p l a t e s ,  s p h e r e s ,  and cones under s t a t i c  l oads  on a f i e l d  d e p o s i t  

o f  s i l t y  clay. Informat ion  obta ined  from t h e  tests w i l l  be  used i n  subse- 

quent  s t u d i e s  on s o i l  modeling problems, No comparisons a r e  g iven  i n  t h i s  

r e p o r t  w i t h  r e s u l t s  of  t es t s  by I l i y a  and Poor b u t  comparisons have been 

made w i t h  t h e o r e t i c a l  a n a l y s e s .  

1 2 
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CHAPTER I1 

THEORETICAL, BACKGROUND 

2 . 1  Genera l  

T h i s  chap te r  i s  a b r i e f  summary of  t h e  main and impor tan t  t h e o r i e s  

of  s o i l  mechanics t h a t  have t o  do wi th  t h e  p r e s e n t  s tudy .  It  inc ludes  a 

p r e s e n t a t i o n  of  t h e  b a s i c  concepts of  bea r ing  c a p a c i t y  a s  we l l  a s  load-  

s e t t l e m e n t  behavior  of  s o i l s .  I t  is  in tended  on ly  a s  a summary r a t h e r  than  

a d e t a i l e d  d i s c u s s i o n .  A more complete t r ea tmen t  o f  t h e  s u b j e c t  was g iven  

1 by I l i y a  . 

2 .2  Bear ing  Capacity o f  S o i l s  

, A number o f  t h e o r i e s  hav been developed f o r  t h e  u l t i m  te  bea r ing  

c a p a c i t y  of s o i l s .  The most widely accepted ,  however, i s  t h e  one g iven  by 

T e r  zagh i 3y4y5. For t h e  case  of  gene ra l  s h e a r  f a i l u r e  of  long  f o o t i n g s ,  

Terzaghi  g ives  t h e  u l t i m a t e  b e a r i n g  capac i ty  by t h e  fo l lowing  equat ion:  

I where 

qo = u l t i m a t e  bea r ing  capac i ty  

c = cohes ive  s t r e n g t h  of  t h e  s o i l  

N,, N,, N = b e a r i n g  c a p a c i t y  f a c t o r s  which depend only  on t h e  a n g l e  
Y 

of i n t e r n a l  f r i c t i o n  of t h e  s o i l  

y = u n i t  .weight o f  t h e  soil 

D = depth  from s o i l  s u r f a c e  t o  bottom of  f o o t i n g  

B = width  o f  f o o t i n g .  

Values o f  N, ,  Np , and N a r e  g iven  by Terzaghi  Y 
3 , 4 , 5  

3 



4 

General s h e a r  f a i l u r e  i s  t h e  case when t h e  load - se t t l emen t  curve 

f o r  a f o o t i n g  i n d i c a t e s  a d e f i n i t e  u l t i m a t e  load .  On t h e  o t h e r  hand, a 

l o c a l  s h e a r  f a i l u r e  i s  c h a r a c t e r i z e d  by a load - se t t l emen t  curve  t h a t  does 

not  e x h i b i t  a peak load  bu t  con t inues  to  r i s e  on a f a i r l y  s t r a i g h t  l i n e  

t angen t .  

chosen a t  t h e  p o i n t  where t h e  curve passes  i n t o  t h a t  s t r a i g h t  t angen t .  

The u l t i m a t e  b e a r i n g  capac i ty  i n  t h i s  l a t t e r  c a s e  i s  a r b i t r a r i l y  

4 
By ana lyz ing  t h e  resu l t s  of  experimental  s t u d i e s ,  Terzaghi  

developed empi r i ca l  equa t ions  express ing  t h e  u l t i m a t e  b e a r i n g  c a p a c i t y  

o f  c i r c u l a r  and squa re  f o o t i n g s .  For genera l  shea r  f a i l u r e s  pe r  u n i t  a r e a  

of f o o t i n g s  t h e s e  equa t ions  a r e :  

C i r c u l a r  f o o t i n g s :  

40 = 1 . 3 ~  N, + Y D N, + 0 . 3 ~  B N 
Y 

where B i s  t h e  d iameter  of t h e  foo t ing .  

Square f o o t i n g s :  

I q0 = 1 . 3  c N, + Y D N, + 0.4y B N 
I Y 

(3) 

! where B r e p r e s e n t s  t h e  width of t h e  foo t ing .  
I 

The equa t ions  f o r  l o c a l  s h e a r  f a i l u r e  c o n d i t i o n s  a r e  s i m i l a r  t o  

' 1  
formulas 2 and 3 ,  except  t h a t  2 / 3  c i s  used i n s t e a d  of c ,  and N , ,  N,, 

and N' are s u b s t i t u t e d  f o r  No, N,, and N i n  t h e  two equa t ions .  Values 

f o r  N;, N:, and N' are  g iven  by Terzaghi 

Y Y 
3,495 

Y 
6 Skempton g i v e s  curves  and t a b l e s  f o r  de t e rmin ing  t h e  b e a r i n g  capa- 

c i t y  f a c t o r  N, for  s t r i p ,  c i r c u l a r ,  and squa re  f o o t i n g s  i n  c l a y  a t  v a r i o u s  

v a l u e s  o f  t h e  r a t i o  D/B.  

computing N, f o r  r e c t a n g u l a r  foo t ings :  

H e  a l s o  p r e s e n t s  t h e  fo l lowing  e q u a t i o n  f o r  



5 

r B l  
L J  

N, ( r e c t a n g l e )  = ~ 0 . 8 4  + 0 . 1 6  - I N, ( squa re )  ( 4 )  

where L i s  t h e  l e n g t h  of  t h e  f o o t i n g .  

7 Peck g i v e s  s t i l l  another  equat ion f o r  compiiting t h e  b e a r i n g  capa- 

c i t y  o f  foundat ions  i n  c l a y .  

T e r z a g h i ' s  g e n e r a l  equat ions  can be  used f o r  t h e  v a r i o u s  c o n d i t i o n s  

encountered i n  t h e  f i e l d .  For example, t h e  u l t i m a t e  b e a r i n g  c a p a c i t y  f o r  

s u r f a c e  f o o t i n g s  i s  obta ined  by s u b s t i t u t i n g  D = 0 i n  t h e  equat ions .  I n  

t h e  case of  p u r e l y  cohes ive  s o i l s  @ is  s e t  equal  t o  ze ro ,  whi le  f o r  

c o h e s i o n l e s s  s o i l s  c becomes equal  t o  ze ro .  

2 . 3  Load-Settlement Analys is  of Footings 

The e l a s t i c  s e t t l e m e n t  of  a loaded a r e a  on t h e  s u r f a c e  of  a s o i l  

6 can be  determined u s i n g  t h e  theory  o f  e l a s t i c i t y .  

methods, t o g e t h e r  w i t h  o t h e r  s i m p l i f y i n g  assumptions,  t o  d e r i v e  t h e  fol low- 

i n g  e q u a t i o n  e x p r e s s i n g  t h e  immediate s e t t l e m e n t  o f  r i g i d  c i r c u l a r  f o o t i n g s  

i n  s a t u r a t e d  c l a y s :  

Skempton a p p l i e d  such 

Y = 2 , e B  

where 

Y = immediate s e t t l e m e n t  

B = width  o f  f o o t i n g  

c = s t r a i n  

(5) 

The s t r a i n  e i s  determined from a s t r e s s - s t r a , n  curve  o b t a i n e d  i n  

t h e  l a b o r a t o r y  by performing a n  unconfined compression tes t ,  o r  a n  undrained 

t r i ax ia l  tes t .  The v a l u e  c i s  chosen a t  any v a l u e  o f  stress 0. The 

corresponding v a l u e  o f  t h e  s e t t l e m e n t  Y w i l l  b e  a t  a f o o t i n g  p r e s s u r e  4 

where q / g o  = o / G  The b e a r i n g  c a p a c i t y  of  t h i s  f o o t i n g  i s  q0 and t h e  max' 
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maximum s t ress  of  t h e  l a b o r a t o r y  s t r e s s - s t r a i n  curve  i s  CY max' 

The immediate s e t t l e m e n t  computed by Eq 5 i s  b e l i e v e d  t o  be  o n l y  

a c c u r a t e  i n  t h e  range w i t h i n  which t h e  s t r e s s - s t r a i n  curve  i s  a s t r a i g h t  

1 i n e .  

Terzaghi'  p r e s e n t s  a method f o r  s o l v i n g  s e t t l e m e n t  problems u s i n g  
, 
I 

t h e  t h e o r y  of  subgrade r e a c t i o n .  Values o f  t h e  modulus o f  subgrade r e a c t i o n  

k can b e  d e r i v e d  from a c t u a l  f i e l d  t es t s ,  o r  es t imated  from d a t a  publ i shed  

by Terzaghi'  and o t h e r s .  The c o e f f i c i e n t  k i s  d e f i n e d  as t h e  s l o p e  o f  

t h e  s t r a i g h t  l i n e  p o r t i o n  of  t h e  p r e s s u r e - s e t t l e m e n t  cu rve ,  and i s  assumed 

t o  b e  a c o n s t a n t  f o r  a l l  p o i n t s  o f  t h e  s u r f a c e  o f  c o n t a c t .  



CHAPTER I11 

TESTING EQUIPMENT AND PROCEDURE 

3 .1  Foundation Media 

The e n t i r e  s e r i e s  of  s t a t i c  load-se t t lement  tes ts  was c a r r i e d  out  i n  

2 t h e  f i e l d  on a s i t e  a t  t h e  Aus t in  Country Club prepared by Poor . The 

foundat ion  m a t e r i a l  was a s i l t y  c l a y ,  c l a s s i f i e d  as (CL) accord ing  t o  t h e  

u n i f i e d  c l a s s i f i c a t i o n  system, wi th  some o rgan ic  m a t e r i a l  a t  t h e  top few 

inches .  C l a s s i f i c a t i o n  tes ts  i n d i c a t e d  t h a t  t h e  s o i l  w i t h i n  t h e  t e s t  a r e a  

w a s  f a i r l y  uniform i n  moi s tu re  and composition. The s e l e c t i o n  and prepa- 

L r a t i o n  of  t h e  t es t  s i t e  i s  d i scussed  f u l l y  i n  r e f e r e n c e  . S o i l  c l a s s i f i -  

c a t i o n  and d e s c r i p t i o n  a r e  a l s o  presented  i n  t h e  same re fe rence .  

Because of  heavy r a i n s  t h a t  cont inued f o r  a number of days a f t e r  

complet ion o f  t h e  dynamic drops ,  and p r i o r  t o  t h e  s t a r t  of  t h e  p r e s e n t  

s e r i e s  o f  s t a t i c  t e s t s ,  mois ture  con ten t s  w i t h i n  t h e  t e s t  a r e a  were genera l -  

l y  about one t o  two p e r c e n t  h ighe r  than those  r epor t ed  by Poor2 a t  t h e  

v a r i o u s  dep ths .  From t h e  va r ious  mois ture  samples secured  throughout  t h e  

s i t e  i t  was concluded t h a t  t he  average mois ture  con ten t  f o r  t h e  top  foo t  

depth  o f  t h e  s o i l  w a s  about  16  pe rcen t .  The maximum range  o f  v a r i a t i o n  i n  

mois ture  c o n t e n t s  a t  t h i s  l e v e l  was i n  t h e  o r d e r  of 1 pe rcen t .  

The test  program was accomplished i n  t h e  s h o r t e s t  p o s s i b l e  pe r iod  

t o  p reven t  any major change i n  s o i l  mois ture  and cond i t ions  throughout  t h i s  

t i m e .  Because of the  s l i g h t  v a r i a t i o n  i n  t h e  moi s tu re  con ten t  o f  t h e  s o i l  

from t h a t  r e p o r t e d  by Poor , undisturbed samples had t o  be  secu red  a t  t h e  

end of  t h e  test  program. These samples were used t o  de te rmine  t h e  s t r e n g t h  

parameters  of  t h e  top  l a y e r  o f  s o i l  a t  i t s  new mois tu re  cond i t ion .  The 

sampling technique  has  been desc r ibed  by Poor . 

2 

2 

7 
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The co res  were obta ined  from p o s i t i o n s  c l o s e  enough t o  t h e  p o i n t s  

where t h e  s t a t i c  t e s t s  were performed, t o  r e p r e s e n t  a c t u a l  cond i t ions .  

The i r  l o c a t i o n  had a l s o  t o  be undis turbed du r ing  both t h e  dynamic drops 

and s t a t i c  tes ts .  The undis turbed  cores  were s e a l e d  t i g h t l y  and t r a n s -  

f e r r e d  t o  t h e  l a b o r a t o r y  where they were c a r e f u l l y  ex t ruded ,  wrapped, and 

k e p t  i n  t h e  moist  room u n t i l  t e s t e d .  

The d iamter  of  t h e  extruded undis turbed specimens was 2.8 i n .  Un- 

conf ined  compression tes t s ,  and t r i a x i a l  qu ick  (undrained)  compression tes ts  

a t  3 and 5 p s i  con f in ing  p res su res  were performed on t h e s e  samples i n  t h e  

l a b o r a t o r y .  The t e s t  specimens,  2 . 8  i n .  d iameter ,  were c u t  t o  5 .6  i n .  

l eng th .  Sample p r e p a r a t i o n  and t e s t  procedure were accord ing  t o  those  

g e n e r a l l y  used a t  t h e  s o i l  mechanics l abora to ry  a t  The Un ive r s i ty  o f  Texas . 9 

The average  resu l t s  of  t h e  l abora to ry  t e s t s  f o r  a l l  t h e  specimens 

t e s t e d ,  r e p r e s e n t i n g  t h e  t e s t  a r e a ,  a r e  g iven  i n  F igs .  1 and 2.  F igu re  1 

shows t h e  average  s t ress -s t ra in  curves f o r  t h e  v a r i o u s  conf in ing  p r e s s u r e s ,  

u3, whi le  Fig.  2 i n d i c a t e s  t h e  Mohr diagram and average  shea r  s t r e n g t h  f o r  

t h e  top l a y e r  o f  t h e  s o i l .  The average cohesion c was 2 .8  p s i  and ang le  

of  i n t e r n a l  f r i c t i o n  (ij = 39'. The equat ion of  t h e  Mohr's envelope is :  

The modulus of deformation E i s  d e f i n e d  as t h e  r a t i o  of the stress 

t o  s t r a i n  a t  any p o i n t  on t h e  l a b o r a t o r y  s t r e s s - s t r a i n  curve o f  t h e  s o i l .  

The v a r i a t i o n  of E w i t h  s t r a i n  and with conf in ing  p r e s s u r e s  i s  i n d i c a t e d  

i n  Fig.  3 ,  which is d e r i v e d  from t h e  da ta  i n  Fig.  1. 

t h e  modulus o f  deformat ion  i s  con tan t  f o r  a c e r t a i n  r e g i o n  a t  t h e  h e a r t  of  

t h e  t es t  and then  dec reases  c o n s t a n t l y  u n t i l  t h e  end. 

It i s  observed t h a t  
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Uni t  weight de t e rmina t ion  f o r  a number of  ex t ruded  samples was a l s o  

performed fo l lowing  s t anda rd  procedures ,  The average  u n i t  weight y from 

t h e s e  de t e rmina t ions  w a s  found t o  be about 120 pc f .  The maximum range of 

v a r i a t i o n  i n  u n i t  weights  f o r  a l l  samples t e s t e d  was i n  t h e  o r d e r  of  2 .0  

p c f .  

L a t e r a l  s t r a i n - r a t i o  de te rmina t ion  f o r  t h i s  s o i l  can be accomplished, 

i n  t h e  c a s e  of unconfined compression t e s t s ,  u s ing  t h e  procedure o u t l i n e d  

by Ghazzalyl'  f o r  c l a y  specimens. 

i nv e s t i ga ti  o n . 
Such tes ts  were not  performed i n  t h i s  

3 . 2  Model Foundation Elements 

The foundat ion  elements  used i n  t h i s  i n v e s t i g a t i o n  were t h e  same 

1 o n e s s e l e c t e d  by I l i y a  . 
2 . 2 2  i n .  i n  d iameter ,  two spheres  o f  s i z e s  3.14 i n .  and 5 . 0  i n .  i n  s p h e r i c a l  

d i ame te r ,  and a 60 degree  r i g h t  c i r c u l a r  cone which was 3.0 i n .  high.  

These included two c i r c u l a r  p l a t e s  3.14 i n .  and 

1 Complete dimensions a re  g iven  i n  I l i y a ' s  F ig .  1. 

The two p l a t e s  were machined from aluminum blocks 0 .5  i n .  t h i c k .  

The i r  s u r f a c e  areas were i n  t h e  r a t i o  of 1 t o  2 .  The spheres  and cone were 

s o l i d  aluminum c a s t i n g s .  

be r i g i d ,  s ince  t h e i r  d e f l e c t i o n s  wi th in  t h e  range  of l oads  experienced i n  

t h i s  i n v e s t i g a t i o n  were n e g l i g i b l e .  

A l l  foundat ion elements  used were cons idered  t o  

The s e l e c t e d  model foundat ion  elements provided t h e  means f o r  a 

s tudy  o f  s i z e  e f f e c t s  on  the load - se t t l emen t  behavior  f o r  each geometr ic  

c o n f i g u r a t i o n ,  and a l so  enabled t h e  comparison of  such behavior  f o r  t h e  

v a r i o u s  shapes of elements used. 

3 . 3  T e s t  Equipment and Setup 

A f l a t b e d  1 . 5  t o n  t r u c k  w a s  used t o  suppor t  a d r i v i n g  screw j ack  and 
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an  e l e c t r i c  moto t h a t  opera ted  i t .  Figure 4 and 5 show t h e  t e s t i n g  

equipment. 

of  t h e  t r u c k  t o  provide  a r e a c t i o n  t o  loads picked up by t h e  foundat ion  

elements  du r ing  t h e  s e r i e s  of  f i e l d  t e s t s .  

A conc re t e  block weighing about one ton  was p laced  on t h e  bed 

The d r i v i n g  screw jack  was connected t o  a p i e c e  of  a heavy s t e e l  

channel ,  which i n  t u r n  was bea r ing  on the two beams a t  t h e  bottom of t h e  

f l a t  bed of  t h e  t ruck  a t  i t s  ve ry  end. The channel  was t i e d  s e c u r e l y  t o  

t h e  t r u c k  t o  prevent  any movement during loading .  The dimensions o f  t h e  

heavy channel  were such t h a t  i t s  maximum d e f l e c t i o n  w i t h i n  t h e  range of  

a p p l i e d  loads  was n e g l i g i b l e .  

t o  p reven t  any movement of  t h e  bed of  the  t r u c k  du r ing  t e s t i n g .  

The conc re t e  weight was of  s u f f i c i e n t  s i z e  

The screw j ack  had a 5.0 i n .  r i s e  and 15.0 tons  c a p a c i t y  (Model 

No. 111-c-2, Duff Norton Mfg. Co., P i t t s b u r g ,  Pennsylvania) .  It was ope ra t ed  

u s i n g  an  e l e c t r i c  motor a t  a c o n s t a n t  ra te  o f  0.07 i n .  p e r  min. A t  t h e  end 

o f  t h e  d r i v i n g  screw t h e r e  was a c i r c u l a r  p l a t e  t o  which a proving r i n g  was 

f i x e d ,  as shown i n  Fig.  5.  The proving r i n g  had a c a p a c i t y  o f  2000 l b  

and a s e n s i t i v i t y  of 2.0 l b .  The foundat ion  elements t e s t e d  were screwed t o  

t h e  bottom o f  t h e  proving r i n g .  

extensometer ,  as shown i n  F ig .  5 ,  w i t h  2.0 i n .  t r a v e l  and 0.001 i n .  s e n s i -  

t i v i t y .  The extensometer  was connected by means of  a s t i f f  s t e e l  rod t o  @ 

f i rm  s t a n d  i n  a p o s i t i o n  which w a s  not a f f e c t e d  by loading .  

and elements were t i g h t  and r i g i d  enough t o  prevent  any d e f l e c t i o n  o r  move- 

ment. 

The se t t l emen t  was measured by a d i a l  

A l l  connec t ions  

The tes t  s e t u p  was a c c u r a t e l y  checked t o  be  s u r e  t h a t  t h e  d r i v i n g  

screw w a s  a b s o l u t e l y  v e r t i c a l  du r ing  its e n t i r e  t h read ,  pe rpend icu la r  t o  t h e  

upper f a c e  of  t h e  foundat ion  elements ,  and e x a c t l y  cen te red  i n  t h e  area o f  

t h e  element.  
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FIG. 4. FLATBED TRUCK WITH CONCRETE BLOCK ON 
TOP, TWO CHANNELS FIXED TO ITS BOTTOM, 
AND MOTOR AND JACK FIXED TO CHANNELS 

F I G .  5. TEST SETUP SHOWING CHANNELS, MOTOR, JACK, 
PROVING RING, EXTENSOMETER, PLATE, AND 
TRUCK 
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3 . 4  T e s t  Procedure 

The t e s t  s e t u p  desc r ibed  i n  t h e  preceding  a r t i c l e  was used t o  run  a 

series o f  l oad - se t t l emen t  tes ts  i n  t h e  f i e l d .  The p a r t i c u l a r  foundat ion  

element t o  be t e s t e d  w a s  a t t a c h e d  t o  the  proving  r i n g .  The s o i l  a t  t h e  

p o s i t i o n  o f  t h e  t es t  was c l e a r e d  of a l l  r o o t s  and o rgan ic  matter a t  t h e  

t o p .  The s u r f a c e  of t h e  s o i l  was then  c a r e f u l l y  l e v e l e d  u s i n g  a s t r a i g h t  

edge and c a r e  was taken  t o  minimize s o i l  d i s t u r b a n c e  a t  t h e  top .  

s u r f a c e  of  t h e  s o i l  was checked t o  make s u r e  t h a t  i t  was h o r i z o n t a l  and t h a t  

complete c o n t a c t  would occur w i t h  t h e  foundat ion  element.  

The 

A f t e r  s o i l  p r e p a r a t i o n ,  t h e  t ruck  was backed i n t o  p o s i t i o n .  The 

motor was ope ra t ed  and t h e  foundat ion  element lowered u n t i l  i t  j u s t  touched 

t h e  s o i l .  The extensometer was then  placed i n  p o s i t i o n  and both  load  and 

s e t t l e m e n t  d i a l s  s e t  t o  zero .  A l l  t he se  s t e p s  were accomplished i n  t h e  

s h o r t e s t  p o s s i b l e  p e r i o d  of  t ime t o  minimize evapora t ion  of s o i l  mo i s tu re .  

A t  t h i s  p o i n t ,  l oad ing  w a s  s t a r t e d  and continuous r ead ings  o f  t h e  

proving  r i n g  and s e t t l e m e n t  extensometer taken .  The speed o f  t h e  motor, 

c o n t r o l l i n g  t h e  r a t e  o f  l oad ing ,  was such t h a t  a c o n s t a n t  r a t e  o f  s e t t l e m e n t  

of  0.07 i n .  p e r  min. w a s  produced and maintained d u r i n g  a l l  t e s t s .  This  r a t e  

1 was recommended and used by I l i y a  , and i s  t y p i c a l  of  a l l  l oad ing  tes ts .  

The t e s t  w a s  cont inued  long  enough and u n t i l  t h e  foundat ion  element could 

no l o n g e r  be  t r e a t e d  as a s u r f a c e  foo t ing .  The l o a d i n g  w a s  t h e n  s topped ,  

motor r e v e r s e d ,  and the  foundat ion  element r a i s e d ,  A mois tu re  sample was 

immediately secu red  from the loaded a r e a  and s e a l e d  i n  a box t h a t  was t aken  

t o  t h e  l a b o r a t o r y  f o r  a n a l y s i s .  



CHAPTER I V  

RESULTS AND DISCUSSION 

4 . 1  Load-Settlement T e s t s  on P l a t e s  

I n  t h i s  a r t i c l e  t h e  resu l t s  o f  a l l  t e s t s  performed on t h e  c i r c u l a r  

r i g i d  p l a t e s  loaded a t  t h e  s u r f a c e  of  t he  s o i l  are  p resen ted  i n  d e t a i l .  A 

d i s c u s s i o n  of  t h e  s i g n i f i c a n c e  of t h e s e  resu l t s  i s  a l s o  g iven .  

4.1.1 Load-Settlement Curves 

The load - se t t l emen t  curves  f o r  t h e  two c i r c u l a r  p l a t e s ,  3 . 1 4  and 

2 .22  i n .  d i ame te r ,  are  shown i n  Fig.  6. The shape o f  t h e s e  curves  are  s i m i -  

l a r  w i t h  a s t r a i g h t  l i n e  p o r t i o n  a t  t h e  s t a r t ,  a curved p o r t i o n  a t  t h e  

middle ,  and a t r a n s i t i o n  t o  a s t r a i g h t  l i n e  tangent  r i s i n g  upwards. The 

shape  o f  t h e s e  curves  i n d i c a t e s  t h a t  i t  i s  a c a s e  of  l o c a l  shea r  f a i l u r e  

where no d e f i n i t e  u l t i m a t e  load  i s  apparent .  A s  was d i s c u s s e d  i n  Chapter X I ,  

t h e  u l t i m a t e  load  f o r  l o c a l  shea r  f a i l u r e  i s  s e l e c t e d  a s  t h e  load  c o r r e s -  

ponding t o  t h e  p o i n t  on t h e  load - se t t l emen t  curve  where t h e  curve  passes  

i n t o  t h e  s t r a i g h t  l i n e  t angen t .  The u l t i m a t e  load  Po i s  d i r e c t l y  propor- 

t i o n a t e  

r e s u l t s  

ave rage  

t o  t h e  c o n t a c t  a r e a  of  t h e  p l a t e s .  

Each exper imenta l  curve  shown i n  t h i s  chap te r  i s  t h e  average  of  t h e  

of  two i d e n t i c a l  tests. The t a b u l a t e d  r e s u l t s  were read  o f f  t h e s e  

curves .  

Table  1 g i v e s  a summary o f  t h e  l o a d - s e t t l e m e n t  curves  f o r  t h e  

c i r c u l a r  p l a t e s .  It can be observed t h a t  t h e  s e t t l e m e n t  So a t  which the 

u l t i m a t e  load  Po occur red  is d i r e c t l y  p r o p o r t i o n a l  t o  t h e  area o f  c o n t a c t ;  

a l s o  t h a t  t h e  s l o p e  of  t h e  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  o f  t h e  load- 

s e t t l e m e n t  cu rve  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  d iameter  o f  t h e  c i r c u l a r  

p l a t e .  
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4 .1 .2  Bearing Capaci ty  - Set t lement  Curves 

The bea r ing  c a p a c i t y  Q a t  any s e t t l e m e n t  S i s  computed by 

d i v i d i n g  t h e  load  P by t h e  a r e a  of the  p l a t e  A 

P q = x  . (7)  

Since  A is  a cons t an t  f o r  any p l a t e ,  t h e  shape of t h e  q - S  curve 

i s  similar t o  t h a t  o f  t h e  P-S curve ,  with t h e  S-axis  be ing  t h e  same i n  

both .  The bear ing  capac i ty - se t t l emen t  curves  a r e  shown i n  F ig .  7 ,  and 

v a l u e s  from t h e s e  curves  a r e  g iven  i n  Table 2.  

There w a s  a ve ry  s l i g h t  i n c r e a s e  i n  t h e  va lue  of qo as t h e  diam- 

e t e r  of  t h e  p l a t e  i nc reased .  This  i n c r e a s e  i s  due t o  t h e  f a c t  t h a t  t h e  s i l t y  

c l a y  has  an a n g l e  of  i n t e r n a l  f r i c t i o n  @. For c l a y s  wi th  $I = 0 no 

i n c r e a s e  i n  t h e  va lue  of Qo would be expected as  t h e  d iameter  o f  t h e  

p l a t e  i n c r e a s e s .  

The r a t i o  So/B inc reased  i n  d i r e c t  p ropor t ion  wi th  t h e  diameter  o f  

t h e  p l a t e .  No d e f i n i t e  p a t t e r n  o f  v a r i a t i o n  could be d e t e c t e d  f o r  t h e  

r a t i o  o f  t h e  s e t t l e m e n t  Si, a t  t h e  end o f  t h e  i n i t i a l  s t r a i g h t  l i n e  por-  

t i o n  of  t h e  curve ,  t o  t h e  diameter  o f  t he  p l a t e  B. The r a t i o  Si / B  d id  

not  seem t o  be much a f f e c t e d  by t h e  diameter  of  t h e  p l a t e .  

The va lue  o f  t h e  b e a r i n g  capac i ty  a t  t h e  end of  t h e  i n i t i a l  s t r a i g h t  

l i n e  p o r t i o n  o f  t h e  curve  q i  was somewhat h i g h e r  f o r  t h e  smaller p l a t e .  

Again no d e f i n i t e  p a t t e r n  could be observed f o r  t h e  v a r i a t i o n  of  t h e  r a t i o  

Q i  /40. 

4.1 .3  Modulus of  Subgrade React ion 

The modulus o f  subgrade r e a c t i o n  IC, def ined  as t h e  s l o p e  of t h e  

i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  of t h e  bea r ing  c a p a c i t y - s e t t l e m e n t  curve ,  was 

i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  diameter  o f  t h e  p l a t e ,  as shown i n  Table  2. I f  
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t h e  modulus of subgrade r e a c t i o n  i s  more g e n e r a l l y  de f ined  a s  t h e  r a t i o  of  

t h e  b e a r i n g  c a p a c i t y  t o  t h e  s e t t l e m e n t  a t  any p o i n t  on t h e  b e a r i n g  capac i ty -  

s e t t l e m e n t  curve ,  i t  can be r e a l i z e d  t h a t  t h i s  modulus k w i l l  no t  be 

c o n s t a n t  throughout t h e  e n t i r e  range  of t h e  curve.  The v a r i a t i o n  of k 

w i t h  s e t t l e m e n t  i s  shown i n  F ig .  8 ,  which i n d i c a t e s  t h a t  t h e  modulus i s  

o n l y  c o n s t a n t  w i t h i n  a smal l  r ange  o f  s e t t l e m e n t s  a t  t h e  s t a r t  of  t h e  t e s t  

and then  d e c r e a s e s  c o n s t a n t l y  wi th  t h e  i n c r e a s e  i n  s e t t l e m e n t .  The r a t e  o f  

i n c r e a s e ,  however, was much h i g h e r  a t  the  h i g h e r  l e v e l s  of  s e t t l e m e n t .  A t  

t h i s  p o i n t  t h e  s i m i l a r i t y  i n  shape between t h e  curves  f o r  modulus of  sub- 

g rade  r e a c t i o n  i n  F ig .  3 should be  noted. 

4 .1 .4  Comparison of Experimental and T h e o r e t i c a l  R e s u l t s  

Based on T e r z a g h i ' s  t heo ry ,  an  expres s ion  f o r  t h e  u l t i m a t e  b e a r i n g  

c a p a c i t y  o f  a c i r c u l a r  f o o t i n g  a t  t h e  s u r f a c e  of a s i l t y  c l a y  (D = 0) and 

f o r  l o c a l  s h e a r  f a i l u r e  c o n d i t i o n s  can be determined from Eq 2.  

40 = 1 

Using v a l u e s  €or  

and v a l u e s  of c and y 

3 (5. > N J  ' 0 . 3  y B N '  . 
Y 

NJ and N ' a s  g iven  by Terzaghi' f o r  0 = 3 9 O ,  

from A r t .  3.1, t h e  b e a r i n g  c a p a c i t i e s  Qo f o r  t h e  
Y 

two p l a t e s  could be de r ived  and a r e  shown i n  Table 3 .  

Comparing t h e  t h e o r e t i c a l  and exper imenta l  v a l u e s  o f  t h e  m a x i m u m  

b e a r i n g  c a p a c i t y ,  i t  was concluded t h a t  t h e  t h e o r e t i c a l  Q0 is  q u i t e  

c o n s e r v a t i v e .  The ave rage  r a t i o  of 40 (exper imenta l )  t o  40 ( t h e o r e t i c a l )  

f o r  t h e  two c i r c u l a r  p l a t e s  i n v e s t i g a t e d  was found t o  be  1.746. 

6 Skempton's Eq 5 was used to  c a l c u l a t e  t h e  s e t t l e m e n t  a t  50 p e r c e n t  

o f  the u l t i m a t e  b e a r i n g  c a p a c i t y .  The e q u a t i o n  i n  t h i s  c a s e  becomes: 

S o . 5 0 ~  2 60.50B (9) 
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where 

So.5o = s e t t l e m e n t  a t  50 percent  of  t h e  u l t i m a t e  bea r ing  

capa c i  t y 

e0 .5 ,  = s t r a i n  a t  50 percent  o f  t h e  maximum stress 

B = diameter  o f  p l a t e .  

The s t r e s s - s t r a i n  curve used t o  determine eo.50 w a s  t h e  one d e t e r -  

mined from t h e  unconfined compression t e s t  s i n c e  t h e  p l a t e s  were smal l  and 

were p laced  a t  t h e  ground su r face .  

Values of  So.,, determined by Eq 9 a r e  g iven  i n  Table  3. Values 

o f  S O . 5 o  determined exper imenta l ly  and read  o f f  t h e  q - S  curves  a r e  a l s o  

shown i n  Table  3 .  The t h e o r e t i c a l  va lues  of  S O . 5 o  determined by Skempton's 

equa t ion  are  less than  t h e  experimental  v a l u e s .  The average  r a t i o  between 

t h e  two v a l u e s  f o r  t h e  p l a t e s  t e s t e d  was found t o  be 1.512. The fo l lowing  

a r e  sugges ted  a s  r easons  why t h e  t h e o r e t i c a l  va lues  of  s e t t l e m e n t  a r e  

sma l l e r  t han  t h e  experimental  va lues :  

6 
1. The equa t ion  de r ived  by Skempton w a s  based on t h e  assumption 

t h a t  P o i s s o n ' s  r a t i o  p = 0.5 .  This  v a l u e  i s  not  be l i eved  t o  be r ep re -  

s e n t a t i v e  of  t h e  s o i l  cond i t ions  i n  t h e  p r e s e n t  i n v e s t i g a t i o n ,  where p 

i s  be l i eved  t o  be much l e s s .  

2. T h e o r e t i c a l  and experimental  r e s u l t s  a r e  expected t o  be i n  

b e t t e r  agreement f o r  f o o t i n g s  of  l a r g e r  d iameters .  

S ta tement ,  however, should be checked by more experiments .  

The v a l i d i t y  o f  t h i s  

8 Terzaghi  recommends va lues  for  t h e  modulus o f  subgrade r e a c t i o n  

under a v a r i e t y  of  cond i t ions .  For the case o f  s t i f f  pre-compressed c l a y  o f  

unconfined compressive s t r e n g t h  equa l  t o  4.0 t ons  p e r  s q u a r e  f o o t  o r  more, 

which is  t h e  soil c o n d i t i o n  i n  t h e  p re sen t  i n v e s t i g a t i o n ,  Terzaghi  recommends 

a v a l u e  o f  300 tons  per  cubic  f o o t  f o r  t h e  modulus o f  subgrade r e a c t i o n  o f  a 
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1 . 0  x 1 . 0  f t  f o o t i n g  on t h e  s u r f a c e  of t h i s  c l a y .  This v a l u e  can be ad- 

j u s t e d  t o  any square  f o o t i n g  of  width B u s ing  t h e  fo l lowing  equat ion:  

k kts = 1 B 

where 

kB = modulus of  subgrade r e a c t i o n  f o r  a squa re  s u r f a c e  f o o t i n g  

of  width B i n  f t  

k, = modulus of subgrade r e a c t i o n ,  wi th  the  same u n i t s  a s  k,, 

f o r  a 1.0 x 1 . 0  f t  s u r f a c e  foo t ing .  

The v a l u e  of t h e  modulus f o r  a c i r c u l a r  s u r f a c e  f o o t i n g  wi th  a 

d iameter  

equa t ion  ; 

B i s  de r ived  accord ing  to  t h e  recommendation of  I l i y a '  from t h e  

- kBc i rc l e  - 0.713 ABsquare 

The t h e o r e t i c a l  va lue  of k shown i n  Table  3 i s  de r ived  by c o r r e c t -  

i n g  t h e  300 tons pe r  cub ic  f o o t  recommended by Terzaghi'  by apply ing  Eq 10 

and Eq 11. The average r a t i o  of t h e  t h e o r e t i c a l  t o  experimental  va lues  of  

k f o r  t h e  two c i r c u l a r  p l a t e s  t e s t e d  was found t o  be  2 .282 .  

4 .2  R e s u l t s  o f  Tes t s  on Spheres 

I n  t h i s  a r t i c l e  f i n a l  r e s u l t s  of a l l  tests performed on two sphe res ,  

o f  s p h e r i c a l  d iameters  3.14 and 5.00 i n . ,  are given.  

r e s u l t s  and d i s c u s s i o n  of t h e i r  s i g n i f i c a n c e  i s  presented .  F i n a l l y ,  a com- 

p a r i s o n  wi th  t h e  r e s u l t s  of  tests on c i r c u l a r  p l a t e s ,  and some concluding 

remarks concerning t h e  p r e d i c t i o n  of load-se t t lement  behavior  f o r  spheres  i n  

c l a y  are  given.  

An a n a l y s i s  of  t h e s e  

4 .2 .1  Load-Settlement Re la t ion  

The load - se t t l emen t  curves fo r  t h e  two spheres  a r e  shown i n  Fig.  9 .  
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The g e n e r a l  shape of  t h e s e  curves i s  the  same i n  both c a s e s ,  s t a r t i n g  wi th  

a ve ry  small non- l inear  p a r t  where the  sphere i s  not  p i ck ing  up much load ,  

t h a t  i s ,  s e a t i n g  i t s e l f .  The curve then becomes l i n e a r  f o r  a d i s t a n c e  wi th  

t h e  load  i n c r e a s i n g ,  and then becomes non- l inear  aga in .  The curve then  

p rogres ses  t o  a s t r a i g h t  l i n e  tangent  where t h e  load  cont inues  t o  i n c r e a s e  

a t  a c o n s t a n t  r a t e .  

i n i t i a l  non- l inear  s e a t i n g  p o r t i o n ,  i s  very  s i m i l a r  t o  the  load r se t t l emen t  

curves  f o r  t h e  p l a t e s .  

The shape o f  t h e s e  cu rves ,  wi th  t h e  except ion  of  t h e  

Using the  same concepts  app l i ed  f o r  t h e  p l a t e s ,  t h e  shape of t h e s e  

curves  i n d i c a t e s  a case  of l o c a l  f a i l u r e  c o n d i t i o n ,  where no d e f i n i t e  u l t i -  

mate load  could be d e t e c t e d .  The u l t ima te  load  Po, however, i s  chosen a t  

t h e  p o i n t  o f  t r a n s i t i o n  of t h e  curve t o  t h e  f i n a l  s t r a i g h t  l i n e  tangent .  

Table  4 shows va lues  read  o f f  the load - se t t l emen t  curves  f o r  t h e  

sphe res .  S, i s  de f ined  a s  t h e  s e t t l e m e n t  a t  t h e  end of  t h e  non- l inea r  

s e a t i n g  p o r t i o n  of t h e  load - se t t l emen t  curve,  and P8 i s  t h e  load a t  t h i s  

p o i n t .  Si i s  t h e  s e t t l e m e n t  a t  t h e  end of  t h e  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  

o f  t h e  curve ,  and P, i s  t h e  load  a t  t h i s  p o i n t .  So i s  t h e  s e t t l e m e n t  a t  

which t h e  u l t i m a t e  load Po occurs .  The s l o p e  of t h e  i n i t i a l  s t r a i g h t  l i n e  

p o r t i o n  of  t h e  curve i s  g iven  by t h e  symbol 

s t r a i g h t  l i n e  tangent  k;. 

r a t i o s ,  f o r  t h e  two sphe res ,  i n  Tables  4b and 4c. 

k,/ and t h a t  of  t h e  f i n a l  

These va lues  a r e  given i n  Table  4a and t h e i r  

The experimental  r e s u l t s  i n d i c a t e  t h a t  t h e  r a t i o  of  

c o n s t a n t  and has  an average  v a l u e  o f  0,0161 (see Table  4c ) .  

S , / B  i s  a cons tan t  and has  an average v a l u e  equal  t o  0.0993 f o r  t h e  sphe res  

i n v e s t i g a t e d .  Table  4c a l s o  shows t h a t  t h e  r a t i o  P,/Po is n o t  q u i t e  

cons t an t  f o r  both sphe res ,  b u t  t h a t  a n  average  o f  0.0553 can be  taken  t o  

r e p r e s e n t  both cases .  The r a t i o  k[/B was a l s o  c o n s t a n t  and equal  t o  about  

300 psi. 

S , / B  

Also t h e  r a t i o  

i s  a 
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I n  summary, S,, Si , and k, a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

s p h e r i c a l  d iameter .  The r a t i o  of  t h e  u l t i m a t e  loads  Po f o r  t h e  two 

sphe res  i s  somewhat g r e a t e r  than  t h e  r a t i o  of  d iameters .  A l so  from Table 4 ,  

i t  i s  observed t h a t  t h e  r a t i o s  of P, and Pi f o r  t h e  two spheres  i s  very  

c l o s e  t o  t h e  square  of  t h e  r a t i o  of  t h e  s p h e r i c a l  d i ame te r s ,  hence P, and 

Pi may be  assumed t o  be  d i r e c t l y  p ropor t iona l  t o  t h e  squa re  of t h e  diameter  

o f  t h e  sphe re .  

The r e l a t i o n s  o u t l i n e d  i n  t h i s  p a r t  can be s u c c e s s f u l l y  u t i l i z e d  t o  

p r e d i c t  t h e  load - se t t l emen t  r e l a t i o n  o f  s p h e r i c a l  s u r f a c e s  o f  v a r i o u s  s i z e s  

i n  similar s o i l  c o n d i t i o n s ,  once a load - se t t l emen t  curve  f o r  any sphere  i n  

t h e  same s o i l  i s  given.  

4.2.2 Bearing Capaci ty  - Set t lement  R e l a t i o n  

For  a sphe re  t h e  c r o s s - s e c t i o n a l  a r e a  a t  t h e  ground s u r f a c e  and t h e  

s u r f a c e  area beneath t h e  ground s u r f a c e  i n c r e a s e  c o n s t a n t l y  wi th  t h e  i n c r e a s e  

i n  s e t t l e m e n t .  The bea r ing  capac i ty ,  a t  any t i m e  du r ing  the  t es t ,  may be 

ob ta ined  by d i v i d i n g  t h e  load a t  t h i s  po in t  by t h e  c r o s s - s e c t i o n a l  a r e a  

cor responding  t o  t h e  p a r t i c u l a r  s e t t l emen t  a t  t h i s  t ime. This  means t h a t  

t h e  shape o f  t h e  bea r ing  capac i ty - se t t l emen t  curve  i s  d i f f e r e n t  t han  t h a t  of  

t h e  load-  s e t  t lement  curve .  

F i g u r e  10 shows t h e  bea r ing  capac i ty ,  based on c r o s s - s e c t i o n a l  area, 

v e r s u s  s e t t l e m e n t  curve  f o r  t h e  two spheres  t e s t e d .  The shape of  t h e  two 

curves  was similar, wi th  t h e  curves  s t a r t i n g  f a i r l y  s t r a i g h t ,  go ing  i n t o  a 

non- l inea r  p o r t i o n ,  t hen  changing t o  s t r a i g h t  l i n e  tangent  w i th  a ve ry  small 

upward s l o p e .  

The shape of  t h e  curves  i n  t h i s  case was cons idered  t o  i n d i c a t e  a 

l o c a l  s h e a r  f a i l u r e  c o n d i t i o n ,  The u l t i m a t e  bea r ing  c a p a c i t y  40 was 

chosen a t  t h e  p o i n t  where t h e  curve  changes i n t o  a f l a t  s t r a i g h t  l i n e  tangent  
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It i s  expected t h a t  t h e  curves f o r  general  f a i l u r e  cond i t ions  w i l l  

i n d i c a t e  a w e l l  de f ined  QQ v a l u e  and the s t r a i g h t  l i n e  tangent  w i l l  

be h o r i z o n t a l .  

Table  5 shows t h e  v a l u e  of t h e  u l t i m a t e  bea r ing  c a p a c i t y  q0 f o r  

t h e  two sphe res ,  a long  wi th  o t h e r  bear ing-capac i ty ,  s e t t l e m e n t  r e l a t i o n s .  

It  i s  seen  t h a t  Qo f o r  t h e  b igge r  sphere i s  s l i g h t l y  h ighe r  than  t h a t  f o r  

t h e  s m a l l e r  sphere .  The reason  i s  be l ieved  t o  be t h e  ang le  of  i n t e r n a l  

f r i c t i o n  0 of t h e  s o i l .  I t  i s  be l ieved  t h a t  f o r  c l a y s  wi th  @ = 0 t h e  

u l t i m a t e  b e a r i n g  c a p a c i t y  f o r  spheres  of v a r i o u s  s i z e s  w i l l  no t  depend on 

t h e  s p h e r i c a l  d iameters .  

i s  b e l i e v e d  t o  fo l low t h e  same concepts  d i scussed  f o r  p l a t e s ,  w i th  t h e  

s p h e r i c a l  diameter  be ing  s u b s t i t u t e d  for  t h e  diameter  of t h e  p l a t e  i n  Eq  8. 

The u l t i m a t e  bear ing  c a p a c i t y  f o r  a sphere  i n  c l a y  

The s e t t l e m e n t  So, corresponding t o  t h e  u l t i m a t e  bea r ing  c a p a c i t y  

Qo, i s  g iven  i n  Table 5 .  It  can be seen t h a t  t h e  r a t i o  o f  SO t o  s p h e r i c a l  

d iameter  B i s  f a i r l y  c o n s t a n t  and has an average  v a l u e  o f  0.162 f o r  t h e  

sphe res  t e s t e d .  This  i n d i c a t e s  t h a t  So i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  

s p h e r i c a l  d iameter .  

The modulus of subgrade r e a c t i o n  k i s  de f ined  as t h e  r a t i o  of  t h e  

bea r ing  c a p a c i t y ,  based on c r o s s - s e c t i o n a l  a r e a ,  t o  t h e  s e t t l e m e n t  a t  any 

p o i n t  on t h e  q - S  curve ,  t h a t  i s :  

k = q / S .  

Figure  11 shows t h e  v a r i a t i o n  of k wi th  s e t t l e m e n t  throughout  t h e  

t e s t .  The s i m i l a r i t y  i n  shape  between t h e s e  curves  and t h e  ones f o r  t h e  

c i r c u l a r  p l a t e s ,  Fig.  8 ,  should b e  noted. The main d i f f e r e n c e  between t h e  

two i s  t h a t  f o r  t h e  sphe req  t h e  s l o p e s  of t h e  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  

o f  t h e  b e a r i n g  capac i ty - se t t l emen t  curves were n o t  w e l l  d e f i n e d  because  o f  
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t h e  low load  readings  a t  t h e  beginning o f  t h e  t e s t  and t h e  i n s e n s i t i v i t y  of  

t h e  load  measuring dev ice .  For t h i s  reason ,  t h e  i n i t i a l  cons t an t  va lues  of  

t h e  modulus a r e  not  shown i n  F i g .  11. It m u s t  be mentioned h e r e ,  however, 

t h a t  f o r  s p h e r e s ,  t h e  s e t t l e m e n t s  S t  , a t  which t h e  cons t an t  modulus ends,  

a r e  less than  t h e  ones f o r  c i r c u l a r  p l a t e s  with s i m i l a r  d iameters .  F igu re  11 

a l s o  p o i n t s  o u t  t h a t  t h e  va lue  of t h e  modulus 

i s  g e n e r a l l y  h ighe r  f o r  t h e  sma l l e r  sphere.  

k, a t  any amount o f  s e t t l e m e n t ,  

S ince  t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  sphe re  a t  any v a l u e  o f  s e t t l e -  

ment, du r ing  t h e  t e s t ,  i s  not  t h e  a c t u a l  a r e a  i n  c o n t a c t  wi th  t h e  s o i l ,  

ano the r  d e f i n i t i o n  of  b e a r i n g  capac i ty  for  spheres  was t r i e d .  This  d e f i n i t i o n  

i s  t h a t  t h e  b e a r i n g  c a p a c i t y  g,  of the sphe re  a t  any t i m e  i s  equal  t o  t h e  

load  a t  t h a t  moment d iv ided  by t h e  su r face  a r e a  of  t h e  sphere  i n  con tac t  w i t h  

t h e  s o i l  a t  t h a t  amount of  s e t t l e m e n t .  

q B  = PIA,  

where 

Q s  = bea r ing  c a p a c i t y  based on s u r f a c e  a r e a  of t h e  sphere  

P = load 

A, = s u r f a c e  a r e a  of  t h e  sphere.  

F igu re  12 shows t h e  curves o f  4, ver sus  s e t t l e m e n t  f o r  t h e  two 

spheres  i n v e s t i g a t e d .  The curves s tar t  wi th  a f a i r l y  s t r a i g h t  p o r t i o n ,  no t  

ve ry  w e l l  d e f i n e d  f o r  t h e  reasons  mentioned be fo re .  The curves  peak t o  a 

maximum v a l u e  Q, and then  go i n t o  a ve ry  f l a t  curve ,  v e r y  c l o s e  t o  be ing  

s t r a i g h t ,  which s l o p e s  downward. The va lues  

S 

max 

and t h e  sett lement q o  max 

a t  which they  occur ,  f o r  t h e  two s p h e r e s ,  are  shown i n  Table  5. max 

A s  i n d i c a t e d  i n  Table  5 ,  t h e  va lue  o f  q s  i s  s l i g h t l y  l a r g e r  f o r  max 

t h e  b igge r  sphere .  The r a t i o  go/qSmax was cons t an t  and equal  t o  1 .14 f o r  
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t h e  two sphe res .  The s e t t l e m e n t  S i s  l a r g e r  f o r  t h e  l a r g e r  sphere .  The 

r a t i o  of  S t o  t h e  s p h e r i c a l  diameter ,  S /By was f a i r l y  cons t an t  and 

had an average  v a l u e  of 0.0998 i n  t h e  present  i n v e s t i g a t i o n .  This  i n d i c a t e s  

t h a t  S 

t h e  r a t i o  So/S  was appa ren t ly  cons tan t  f o r  t he  two spheres  and equal  t o  

an average  va lue  of 1.623. 

max 

max max 

i s  d i r e c t l y  p ropor t iona l  t o  t h e  diameter  o f  t h e  sphe re ,  B. A l so ,  max 

max 

The r e l a t i o n s  o u t l i n e d  i n  t h i s  p a r t  a r e  ve ry  h e l p f u l  i n  p r e d i c t i n g  

t h e  bea r ing -capac i ty ,  s e t t l e m e n t  r e l a t i o n  f o r  sphe res  o f  v a r i o u s  s izes  i n  

c l a y  s o i l s .  

4.2.3 Comparison Between P l a t e s  and Spheres 

The r e s u l t s  o f  t e s t s  performed on t h e  c i r c u l a r  p l a t e s  and spheres  

a r e  compared t o g e t h e r ,  a s  shown i n  Table 6 .  The u l t i m a t e  bea r ing  c a p a c i t y  

qo f o r  t h e  3.14 i n .  p l a t e  was h ighe r  than t h a t  f o r  t he  sphe re  having a 

s p h e r i c a l  diameter  equal  t o  the  diameter of  t h e  p l a t e .  The r a t i o  between t h e  

v a l u e  q0 f o r  t h e  3.14 i n .  sphere  based on t h e  c r o s s - s e c t i o n a l  a r e a ,  t o  t h e  

u l t i m a t e  bea r ing  c a p a c i t y  of t h e  3.14 in. p l a t e  was equal  t o  0 .723 i n  t h e  

p re sen t  i n v e s t i g a t i o n .  This  r a t i o  w i l l  be used i n  t h e  next  p a r t  of  t h i s  

a r t i c l e  t o  develop an empi r i ca l  equat ion f o r  p r e d i c t i n g  t h e  va lue  QO f o r  

spheres  i n  c l a y .  

Tahle  6 a l s o  showed t h a t  f o r  t h e  p l a t e  and sphe re  of  d iameters  

3 . 1 4  i n .  , t h e  r a t i o  of  t h e  s e t t l e m e n t  SO a t  which QO f o r  t h e  p l a t e  

occurred  t o  t h a t  a t  which 

Also f o r  t h e s e  two foundat ion  elementsthe r a t i o  of t h e  s l o p e  of  t h e  i n i t i a l  

s t r a i g h t  l i n e  p o r t i o n  of t h e  load-se t t lement  curve  f o r  t h e  sphe re  t o  t h a t  

f o r  t h e  p l a t e  was 0.291. 

QO of  t h e  sphere  occurred  was equal  t o  1.429. 

The bea r ing  c a p a c i t y  of  any sphere a t  v a l u e s  of s e t t l e m e n t  where 

t h e  c r o s s - s e c t i o n a l  a r e a  o f  t h e  sphere  i s  equal  t o  t h e  a r e a  of  a p l a t e  
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was always l e s s  than t h e  u l t i m a t e  bear ing c a p a c i t y  of  t h i s  p a r t i c u l a r  

p l a t e .  

The comparisons presented  h e r e  a r e  but  few of  t h e  many obse rva t ions  

t h a t  could be made. The most important  items were shown toge the r  with 

examples o f  some o f  t h e  l e s s e r  important  f i n d i n g s .  

4 . 2 . 4  P r e d i c t i o n  of t h e  Ult imate  Bearing Capaci ty  o f  a Sphere i n  

Clay 

A semi-empir ica l  approach, based on Te rzagh i ’ s  t heo ry  f o r  bea r ing  

c a p a c i t y  and t h e  experimental  f i n d i n g s  of t he  p r e s e n t  i n v e s t i g a t i o n ,  i s  

fol lowed t o  develop a method €or p r e d i c t i n g  t h e  u l t i m a t e  bea r ing  c a p a c i t y  

qo of any sphere, ,  of  s p h e r i c a l  diameter B ,  i n  c l a y .  

The method c o n s i s t s  of  f i r s t  determining t h e  u l t i m a t e  bea r ing  

c a p a c i t y  o f  a c i r c u l a r  p l a t e  of  diameter B ,  equ iva len t  t o  t h e  s p h e r i c a l  

d iameter ,  u s ing  Te rzagh i ’ s  equat ion  No. 8 ,  or  t h e  more gene ra l  equat ions  

o u t l i n e d  i n  Chapter 11. The v a l u e  o f  the u l t i m a t e  bea r ing  c a p a c i t y  f o r  t h e  

sphe re  i s  then  de r ived  from t h e  formula: 

- “sphere - 0 . 7 2  P O p l a t e ’  

Th i s  empi r i ca l  formula was based on t h e  r e s u l t s  o f  t h i s  s tudy  a s  

summarized i n  Table  6. Although t h e  r a t i o  0.72 w a s  de r ived  f o r  a sphere  

placed a t  t h e  s u r f a c e  o f  t h e  s o i l ,  i t  is be l i eved  t h a t  use  of Eq 14 f o r  

sphe res  p l aced  a t  a small depth w i l l  no t  i n t r o d u c e  any o b j e c t i o n a l  e r r o r .  

It must a l s o  be  po in ted  o u t  t h a t  t h e  r a t i o  0.72  was de r ived  from r e s u l t s  o f  

tests on a s i l t y  c l a y .  It i s  s t i l l  be l ieved ,  however, t h a t  Eq 14 w i l l  work 

j u s t  as w e l l  f o r  a c l a y  wi th  @ = 0 ,  as long  as go f o r  the  p l a t e  i s  d e r i v e d  

fo l lowing  Te rzagh i ’ s  recommendations f o r  a c l a y  wi th  @ = 0. Also ,  i t  should 

be  emphasized t h a t  t h i s  procedure w i l l  y i e l d  v a l u e s  of q o  f o r  spheres  t h a t  
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a r e  q u i t e  c o n s e r v a t i v e ,  s i n c e  t h e  v a l u e  computed f o r  t h e  p l a t e s  by T e r z a g h i ' s  

method a r e  on t h e  s a f e  s i d e ,  a s  shown be fo re .  Values o f  qo determined 

e x p e r i m e n t a l l y  f o r  spheres  w i l l  be  expected t o  be somewhere around 1 . 7  times 

t h e  v a l u e s  der ived  by Eq 14. 

Eq 14 can b e  put  i n  a d i f f e r e n t  form a s  fo l lows:  

q0 sphere  = 1.3 (5. > N l s p h e r e  + O s 3  Y '; sphere 

Equat ion 15 i s  f o r  l o c a l  s h e a r  f a i l u r e  c o n d i t i o n s  and f o r  s u r f a c e  

':sphere spheres  i n  c l a y .  The b e a r i n g  c a p a c i t y  f a c t o r s  f o r  t h e  sphere ,  

and '; sphere '  

foundat ion  s o i l .  Each o f  t h e  b e a r i n g  c a p a c i t y  f a c t o r s  f o r  t h e  sphere  i s  

equal  t o  0 . 7 2  times t h e  corresponding bear ing  c a p a c i t y  f a c t o r  f o r  t h e  p l a t e  

determined from T e r z a g h i ' s  c h a r t s  . 

a r e  f u n c t i o n s  o f  t h e  angle  o f  i n t e r n a l  f r i c t i o n  4 f o r  t h e  

4 

I n  t h e  preceding  d i s c u s s i o n  some g e n e r a l i z a t i o n  has  been made from 

t h e  r e s u l t s  of  a v e r y  l i m i t e d  number o f  tes ts .  More experimental  d a t a  i s  

u r g e n t l y  r e q u i r e d  t o  prove t h i s  theory  and answer a l l  q u e s t i o n s  i n  t h i s  

r e g a r d  . 
The v a r i o u s  r e l a t i o n s  d iscussed  i n  A r t .  4 .2  can be  used t o  h e l p  

p r e d i c t  t h e  load-se t t lement  and bear ing  c a p a c i t y  s e t t l e m e n t  behavior  o f  

s p h e r e s  loaded on s u r f a c e s  o f  c l a y .  Among t h e  f i n d i n g s ,  f o r  example, t h e  

r a t i o  o f  t h e  settlement So t o  t h e  s p h e r i c a l  d iameter  B was c o n s t a n t .  

Also,  t h e  s l o p e  o f  t h e  i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  of  t h e  l o a d - s e t t l e m e n t  

curve  o f  a s p h e r e  was found t o  b e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  s p h e r i c a l  

diameter  and is equql  t o  0.29. 

s p h e r e  o f  one s i z e  is performed on a c l a y  s o i l ,  t h e  behavior  of s p h e r e s  o f  

o t h e r  s i z e s  o n  t h e  same s o i l  could be  p r e d i c t e d  u s i n g  t h e  r e l a t i o n  o u t l i n e d  

i n  A r t .  4 .2 .  The same concept a p p l i e s  f o r  s u r f a c e  c i r c u l a r  p l a t e s  u s i n g  t h e  

I f  a load settlement tes t  f o r  a s u r f a c e  
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r e l a t i o n s  d i s c u s s e d  i n  A r t .  4 .1 .  The l i m i t s  f o r  such p o s s i b i l i t i e s  have t o  

be  determined through t e s t s  on elements o f  v a r i o u s  s i z e  ranges.  

The maximum b e a r i n g  c a p a c i t y  f o r  a sphere  on c l a y ,  based on max 

t h e  s u r f a c e  a r e a  i n  c o n t a c t  wi th  t h e  s o i l ,  can be p r e d i c t e d  from t h e  fo l lowing  

e m p i r i c a l  r e l a t i o n :  

where q0 i s  t h e  u l t i m a t e  b e a r i n g  c a p a c i t y  based on c r o s s - s e c t i o n a l  a r e a  a s  

d i s c u s s e d  before .  

4 . 3  Cone Tests  

T h i s  a r t i c l e  i n c l u d e s  t h e  r e s u l t s  o f  a l i m i t e d  number o f  t e s t s  on a 

60 degree  cone. The l i m i t e d  n a t u r e  of t h e  r e s u l t s  ob ta ined  i n d i c a t e s  t h a t  

more t e s t s  a r e  r e q u i r e d ,  p a r t i c u l a r l y  fo r  comparison purposes w i t h  cones 

having  a n g l e s  o t h e r  t h a n  60 degrees .  

4 . 3 . 1  Load-Settlement Curve 

F i g u r e  13  shows t h e  average load-se t t lement  curve f o r  t h e  t e s t e d  

cone. The curve i s  non- l inear  i n  i t s  e n t i r e  range wi th  t h e  l o a d  always 

i n c r e a s i n g .  The i n i t i a l  p a r t  of  t h e  curve i s  n o t  v e r y  w e l l  d e f i n e d  because 

o f  t h e  r a t h e r  small l o a d s  t h a t  are developed a t  t h e  beginning o f  t h e  t es t  

and t h e  f ac t  t h a t  t h e  2.0 l b  s e n s i t i v i t y  o f  t h e  proving  r i n g  i s  n o t  s e n s i t i v e  

enough to  r e a d  small l o a d  v a l u e s ,  This w i l l  l e a d  t o  a b e a r i n g  capac i ty-  

s e t t l e m e n t  curve  t h a t  i s  a l s o  n o t  w e l l  d e f i n e d  a t  i t s  s t a r t .  

4 . 3 . 2  Bearing Capaci ty-Set t lement  Curve 

The average  curve  i s  shown i n  Fig.  14. The b e a r i n g  c a p a c i t y -  

s e t t l e m e n t  curve  i s  non- l inear  from i t s  s t a r t  u n t i l  it f i n a l l y  goes through 

a f a i r l y  s t r a i g h t  l i n e  tangent  wi th  a s m a l l  upward s l o p e  a t  i t s  end. The 
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p o i n t  a t  which t h e  s t r a i g h t  l i n e  t angen t  s t a r t s  i s  t aken  t o  i n d i c a t e  t h e  

u l t i m a t e  b e a r i n g  c a p a c i t y  of  t h e  cone. The s l i g h t  upward s l o p e  of  t h e  tan- 

gen t  i n d i c a t e s  l o c a l  s h e a r  f a i l u r e  condi t ions .  From Fig .  1 4  i t  can be  s e e n  

t h a t  t h e  u l t i m a t e  b e a r i n g  c a p a c i t y  of  the cone Qo i s  equal  t o  127 p s i .  

The s e t t l e m e n t  So a t  which Qo occurred was found t o  be 2.2 i n .  

4 .3 .3  Comparison o f  t h e  Resu l t s  o f  Tests on t h e  Cone, P l a t e s ,  

and Spheres  

The d iameter  of  t h e  cone c r o s s - s e c t i o n  a t  a s e t t l e m e n t  equal  t o  So, 

2 .2  i n . ,  i s  2.54 i n .  The u l t i m a t e  bear ing  c a p a c i t y  o f  a s u r f a c e  c i r c u l a r  

p l a t e  having  t h e  same d iameter  2 .54 i n .  and i n  t h e  same foundat ion  s o i l ,  

determined by T e r z a g h i ' s  equa t ion ,  i s  equal t o :  

Qo = 1.3  ($  x 2.8; 33 + 0 . 3  (fi > x 18 x (2.54)  

= 80 + 0.376 (254) 

= 91.0 p s i .  

The a c t u a l  exper imenta l  v a l u e  to  be  expected from t h i s  c i r c u l a r  

p l a t e ,  based on t h e  f i n d i n g s  of t h i s  i n v e s t i g a t i o n  r e p o r t e d  i n  Table  3, i s  

equa l  t o  : 

Qo (exper imenta l )  = 91.0 x 1.746 

= 159 p s i .  

T h i s  means then  tha t  the r a t i o  o f  t h e  u l t i m a t e  b e a r i n g  c a p a c i t y  q0 

f o r  a s u r f a c e  cone i n  c l a y  t o  the u l t i m a t e  b e a r i n g  c a p a c i t y  of  a c i r c u l a r  

s u r f a c e  p l a t e ,  determined by Te rzagh i ' s  equa t ion  and modif ied t o  i n d i c a t e  

exper imenta l  v a l u e ,  i s  equa l  t o  0.799. The d iameter  o f  the  p l a t e  i s  equal  

t o  d iameter  of the cone c r o s s - s e c t i o n  a t  t h e  ground s u r f a c e  f o r  a s e t t l e m e n t  

equa l  t o  t h a t  a t  which the maximum bea r ing  c a p a c i t y  occurred .  
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For a sphere  wi th  a s p h e r i c a l  diameter  of 2.54 i n . ,  t h e  experimental  

v a l u e  o f  qo t o  be expected,  accord ing  to  Eq 14 and Table 6 ,  i s  equal  t o  

q0 = 0 .72  x 159 114 p s i .  

The r a t i o  of  go of t h e  cone t o  t h i s  va lue  f o r  t he  sphe re  i s  equal  

t o  1.11. 

A s  shown i n  Table  1, t h e  se t t l emen t  So, a t  which t h e  u l t i m a t e  

bea r ing  c a p a c i t y  q0 f o r  t h e  c i r c u l a r  p l a t e s  occurred ,  was p r o p o r t i o n a l  

t o  t h e  a r e a  of  t h e  p l a t e .  It  then  follows f o r  a 2 .54 i n .  diameter  p l a t e :  

2.54  sop^ a t e = 0.36 -$j-&-: = 0.471 i n .  

where 0 .36  i s  So f o r  t h e  2 . 2 2  i n .  p l a t e .  

The r a t i o  of  So f o r  t h e  cone to  t h i s  v a l u e  f o r  t h e  c i r c u l a r  p l a t e ,  

c a l c u l a t e d  above, i s  equal  t o  4 .67.  

For c i r c u l a r  spheres  i t  can be seen i n  Table  5 t h a t  t he  r a t i o  So/B 

i s  n e a r l y  cons t an t  and equal  t o  0.162. This  means t h a t  f o r  a sphe re  with a 

s p h e r i c a l  d iameter  equal  t o  2.54 i n . ,  the  s e t t l e m e n t  So, a t  which t h e  

I u l t i m a t e  b e a r i n g  c a p a c i t y  based on c r o s s - s e c t i o n a l  a r e a  occurred ,  w i l l  be 

I expected t o  be equal  t o :  

= 0.162 x 2.54 = 0.412 i n .  so ( sphere)  

The r a t i o  of  So f o r  t h e  cone t o  t h a t  f o r  t h e  sphe re ,  computed above, 

i s  equal  t o  5.34. 

Due t o  t h e  l i m i t e d  amount o f  da t a  ob ta ined  from tests on on ly  one 

cone, no methods could be  a r r i v e d  a t  f o r  p r e d i c t i n g  t h e  u l t i m a t e  bea r ing  

c a p a c i t y  of  cones i n  c l a y .  It i s  s t r o n g l y  recommended t h a t  more tests,  on 

l a r g e r  cones and cones wi th  o t h e r  ang le s ,  be  performed t o  develop such 

h e l p f u l  p r e d i c t i o n  methods. 



CHAPTER V 

CONCLUSIONS AND RECOMMENDATIONS 

5 . 1  Conclusions 

The r e s u l t s  of  t h i s  exper imenta l  i n v e s t i g a t i o n  showed t h a t :  

1. The s e t t l e m e n t s  corresponding t o  u l t i m a t e  b e a r i n g  c a p a c i t y  of  

c i r c u l a r  p l a t e s  p laced  a t  t h e  s u r f a c e  of  a c l a y  s o i l  a r e  d i r e c t l y  p r o p o r t i o n a l  

t o  t h e  s u r f a c e  a r e a  of t h e  p l a t e s ,  

2 .  The u l t i m a t e  bea r ing  capac i ty  o f  c i r c u l a r  p l a t e s  on c l a y  fo l low,  

i n  concept ,  T e r z a g h i ' s  equa t ion  f o r  bea r ing  c a p a c i t y .  

3 .  The r a t i o  of  t h e  u l t i m a t e  bear ing  c a p a c i t y  o f  c i r c u l a r  p l a t e s  on 

c l a y  determined expe r imen ta l ly  t o  t h a t  computed t h e o r e t i c a l l y  u s i n g  

T e r z a g h i ' s  equa t ion  was i n  t h e  average  equal t o  1 .746 .  

4 .  The modulus o f  subgrade r e a c t i o n ,  t h a t  i s ,  t h e  s l o p e  of t h e  

i n i t i a l  s t r a i g h t  l i n e  p o r t i o n  of t h e  bea r ing  c a p a c i t y - s e t t l e m e n t  curve  f o r  

s u r f a c e  c i r c u l a r  p l a t e s  on c l a y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d iameter  of  

t h e  p l a t e .  

5. The r a t i o  of  t h e  v a l u e  of  t h e  t h e o r e t i c a l  modulus o f  subgrade I I 

r e a c t i o n  f o r  a c i r c u l a r  p l a t e  on  c l a y  as determined u s i n g  T e r z a g h i ' s  
I 

I recommendations, and c o r r e c t e d  f o r  t h e  shape and s i z e  o f  t h e  f o o t i n g ,  t o  t h e  
I 

I 

v a l u e  o f  t h e  modulus determined expe r imen ta l ly  was 2 .282  i n  t h e  average .  

6.  Load-se t t lement  and bear ing  c a p a c i t y  s e t t l e m e n t  behavior  f o r  

sphe res  on c l a y  can be  p r e d i c t e d  us ing  t h e  r e l a t i o n s  o u t l i n e d  i n  A r t .  4 .2 .  

7.  The r a t i o  of  t h e  s e t t l e m e n t s  d e f i n i n g  t h e  ends of  t h e  i n i t i a l  

s t r a i g h t  l i n e  p o r t i o n  o f  t h e  load - se t t l emen t  curve  f o r  a s p h e r e  on c l a y  and 

t h e  s l o p e  o f  t h i s  l i n e  are a l l  p r o p o r t i o n a l  t o  t h e  s p h e r i c a l  d i ame te r ,  

8. The r a t i o  o f  t h e  se t t l emen t  cor responding  t o  t h e  u l t i m a t e  b e a r i n g  

c a p a c i t y  of a s p h e r e  on c l a y ,  based on c r o s s - s e c t i o n a l  a r e a ,  o r  t h e  maximum 
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b e a r i n g  c a p a c i t y  of  a sphe re ,  based on s u r f a c e  a r e a  of  c o n t a c t ,  is  d i r e c t l y  

p r o p o r t i o n a l  t o  t h e  s p h e r i c a l  d iameter .  The r a t i o  of t h e s e  two s e t t l e m e n t s  

f o r  t h e  sphe res  t e s t e d  was a cons t an t  and equal  t o  1.633 on t h e  average.  

Also,  t h e  r a t i o  of t h e  two bea r ing  c a p a c i t i e s  w a s  about  t h e  same f o r  bo th  

sphe res  and averaged 1.14.  
I 

9.  The r a t i o  of  t h e  u l t i m a t e  bear ing  c a p a c i t y  of a sphe re  on t h e  

i s u r f a c e  of  a c l a y  s o i l ,  based on  i t s  c r o s s - s e c t i o n a l  a r e a ,  t o  t h e  u l t i m a t e  

b e a r i n g  c a p a c i t y  o f  a s u r f a c e  c i r c u l a r  p l a t e ,  on the  same s o i l  and having 

t h e  same diameter  as t h a t  of t h e  sphe re ,  i s  equal  t o  0 . 7 2 .  

10. Limited obse rva t ions  have been made concerning t e s t s  on a 60 

degree  cone, a s  given i n  A r t .  4.3.  No f i n a l  conclus ions  have been reached 

concerning bea r ing  c a p a c i t i e s  of cones.  
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